Streptococcus mutans, the primary aetiological agent of dental caries, is one of the major bacteria of the human oral cavity. The pathogenicity of this bacterium is attributed not only to the expression of virulence factors, but also to its ability to respond and adapt rapidly to the ever-changing conditions of the oral cavity. The two-component signal transduction system (TCS) CovR/S plays a crucial role in virulence and stress response in many streptococci. Surprisingly, in S. mutans the response regulator CovR appears to be an orphan, as the cognate sensor kinase, CovS, is absent in all the strains. We found that acetyl phosphate, an intracellular phosphodonor molecule known to act in signalling, might play a role in CovR phosphorylation in vivo. We also found that in vitro, upon phosphorylation by potassium phosphoramide (a high-energy phophodonor) CovR formed a dimer and showed altered electrophoretic mobility. As expected, we found that the conserved aspartic acid residue at position 53 (D53) was the site of phosphorylation, since neither phosphorylation nor dimerization was seen when an alanine-substituted CovR mutant (D53A) was used. Surprisingly, we found that the ability of CovR to act as a transcriptional regulator does not depend upon its phosphorylation status, since the D53A mutant behaved similarly to the wild-type protein in both in vivo and in vitro DNA-binding assays. This unique phosphorylation-mediated inhibition of CovR function in S. mutans sheds light on an unconventional mechanism of the signal transduction pathway.
INTRODUCTION
As the primary aetiological agent of dental caries, Streptococcus mutans predominantly colonizes the human oral cavity [1, 2] . The bacterium has various mechanisms that allow it to survive and successfully colonize the oral cavity. It metabolizes the dietary carbohydrates of the host to produce glucan, an extracellular sticky polysaccharide, which is necessary for anchoring to the tooth surface and the formation of dental plaque [3] . S. mutans can also ferment carbohydrates ingested by the host and secrete lactic acid as a byproduct [4] . As a result of this, there is a steep fall in pH in dental plaque, which leads to demineralization of the tooth enamel and the development of dental caries. The bacterium is able to survive and grow under this extreme acidic condition owing to its ability to induce a protective acid tolerance response [5] . The pathogenicity of this bacterium is attributed not only to the expression of virulence factors, but also to its ability to respond and adapt rapidly to the ever-changing conditions of the oral cavity, including the availability of nutrients, various stresses and fluctuations of temperature and pH.
In bacteria, two-component signal transduction systems (TCSs) have evolved to sense and respond to changes in the internal and external environment [6] . TCSs consist of a membrane-embedded sensor kinase that responds to an environmental stimulus by auto-phosphorylation of a conserved histidine residue. The phosphoryl group is subsequently transferred to the cognate response regulator. The response regulator usually contains a receiver domain (REC) with a conserved aspartic acid (Asp) residue, which is the phosphorylation target and an effector domain (EF). The EF domain is activated upon phosphorylation of the aspartic acid residue [6] [7] [8] [9] [10] . This alteration of the phosphorylation status of the response regulator leads to structural changes that affect dimerization, binding to the target DNA and gene expression [6] . Therefore, TCSs act as an efficient system to coordinate gene expression in response to alterations in the environmental signals. Since TCSs are CovR belongs to the OmpR/PhoB family of response regulators [23] . Multiple mechanisms have been proposed to explain the modulation of CovR activity [23] . In GAS, the cognate sensor kinase CovS activates CovR by phosphorylating the conserved Asp residue on CovR. However, CovS, under certain stress conditions, also dephosphorylates CovR and thereby suppresses its repressor activity [26] . Recently, it has been shown that in GAS an orphan sensor kinase, RocA, also phosphorylates CovR at the conserved Asp residue [36] . Furthermore, in both GAS and GBS, CovR activity is modulated by a eukaryotic-like serine/threonine kinase (STK), which phosphorylates a conserved threonine (Thr) residue that is present in the REC domain [37, 38] . The phosphorylation of the Thr residue inhibits CovR-mediated gene transcription in vivo [37, 38] . In vitro, low-molecularweight phosphodonors, such as acetyl phosphate or carbamoyl phosphate, are also capable of activating CovR by phosphorylating the Asp residue [23] .
We have previously shown that CovR in S. mutans appears to be an orphan since the cognate CovS was absent in all the S. mutans strains [18] . Recent studies have shown that some response regulators can be activated in a phosphorylationindependent manner [39] [40] [41] . In vitro studies have also demonstrated that some OmpR/PhoB family response regulators can form dimers even in the absence of any-high energy phosphor donor [42, 43] , indicating that an active form of dimers exists without phosphorylation. Likewise, the response regulator PhoP from Mycobacterium tuberculosis can bind to the target promoters in the unphosphorylated form [44, 45] . It is likely that phosphorylation of the REC domain is not always necessary to directly induce DNA binding of the EF domain. It seems that phosphorylation only facilitates dimerization of the REC domains to bring the EF domains closer [46] .
In this work, we investigated the molecular mechanisms underlying the activation of orphan CovR in S. mutans. We found that acetyl phosphate, a well-known signalling molecule, might play a role in the phosphorylation of CovR in vivo, and might serve as a link between the central metabolism and environmental signal transduction. We also found that the ability of CovR to act as a transcriptional regulator does not depend upon its phosphorylation status, since the phosphorylation of the conserved Asp is not necessary for DNA binding and gene expression. This unique phosphorylation-independent activation of CovR in S. mutans is quite different from the activation of its homologues that have been studied in other groups of streptococci, and hence presents a mechanism that questions the so-called 'indispensable' role of phosphorylation in the activation of response regulators of TCSs.
METHODS

Strain construction
The ackA gene along, with the 0.4 kb region on its upstream and downstream, was amplified using the primers up-ackA-F and dn-ackA-R. Similarly, pta, along with the 0.4 kb regions on either side of it, was amplified using the primers up-pta-F and dn-pta-R (for details of all the primers, please refer to Table S1 , available in the online version of this article). The amplicons were then cloned into pGEM-T Easy vector (Promega, USA) to create pIBT10 and pIBT12 (see Table 1 for details of all the strains and plasmids). To delete about 95 % of pta and ackA, inverse PCRs were performed on pIBT10 and pIBT12, respectively, using the primers listed in Table S1 . The inverse PCR products were ligated to a loxP-Km cassette [47] . Next, the deleted genes with an inserted loxP-Km cassette were PCR-amplified using the universal M13 forward and reverse primers. Cultures of competent S. mutans UA159 were transformed with the amplicons to allow homologous recombination and allelic replacement. The transformants were selected on THY agar plates supplemented with kanamycin. Finally, the Km cassette was excised with the help of pCrePA as described previously [47] . The S. mutans strains with deleted pta and ackA were designated as IBST6 and IBST12, respectively. Similarly, to create a double mutant strain of S. mutans lacking both pta and ackA, the PCR-amplified product of deleted ackA with the loxP-Km cassette was transformed into IBST6. The steps mentioned above were repeated to create IBST16, a clean double mutant lacking the pta-ackA genes. PCR and DNA sequencing were used to verify the resultant clean double mutant strain.
Construction of reporter plasmids and glucuronidase (Gus) assays
The promoter regions of gbpC and SMU.1882, along with the gusA gene, were amplified from the vectors pIB121 and pIB602 [34, 35] , respectively, using the primers Hind-pIB107-F and Pst-pIB107-R. The amplicons were digested with HindIII and PstI and then cloned into HindIII-PstI-digested pGhost9TR. The pGhost9TR vector harbouring P gbpC -gusA was named pIBT8, whereas that carrying P SMU1882 -gusA was named pIBT9. To investigate the role of CovR in the expression of gbpC and SMU.1882, wild-type and DcovR strains complemented with various forms of CovR were transformed with the reporter plasmids, pIBT8 and pIBT9. Similarly, to study the role of the phosphorylation of CovR in regulating the expression of gbpC and SMU.1882, DackA strain (IBST12), Dpta strain (IBST6) and DackA-Dpta strain (IBST16) were also transformed with pIBT8 and pIBT9.
b-glucuronidase (Gus) assays were performed according to the procedure described previously [17] .
Construction of covR derivatives for complementation and purification A covR ORF was amplified using the primers listed in Table S1 and the chromosomal DNA of wild-type UA159 as a template. The amplicon was digested with EcoRI and XhoI and cloned into EcoRI-XhoI-digested vector pASK-IBA43+ (IBA, Germany) to generate pIB81. E. coli DH5a cells were transformed with pIB81 to express recombinant His-tagged CovR. For overexpression of His-CovR, cultures were grown to an OD 600 of 0.6 and then anhydrotetracycline was added to a final concentration of 0.2 µg ml À1 before the cultures were further grown at 26 C for 4 h. His-CovR was then purified using a Ni-nitrilotriacetic acid (NTA) column (Qiagen) with a standard protocol and then dialyzed overnight at 4 C against buffer containing 50 mM Tris-Cl (pH 8.2), 50 mM NaCl and 10 % glycerol. Using site-directed mutagenesis with pIB81 as template, pIB86 and pIB87 were constructed, which have mutations of Asp to Ala (D53A) and Asp to Glu (D53E), respectively, at the fifty-third residue of CovR. E. coli DH5a cells harbouring pIB86 and pIB87 were The covR gene was amplified from the chromosomal DNA of UA159 with the help of the primers BamHI-covR-F10 and Eco-sal-covR-R10, digested with BamHI and EcoRI, and cloned into pIB184Km to generate pIBE20A. The plasmid pIBE20A was further used as a template to construct pIBF1 and pIBF2, which have mutations of Asp to Ala and Asp to Glu, respectively at the fifty-third residue of CovR. Similarly, the primers Bam GAS CovR F and Xho GAS CovR R were used to amplify wild-type and the D53A mutant form of GAS CovR using the plasmids pJRS996 and pJR29, respectively, as templates [26] . The amplicons were digested with BamHI and XhoI and cloned into pIB184Km to generate pIBE26A and pIBE28A, respectively.
Detection of CovR phosphorylation in vivo and in vitro
The strains were grown in 10 ml of THY to OD 595 =0.5 and harvested by centrifugation. Cell lysates were prepared and care was taken to keep them chilled to minimize spontaneous dephosphorylation. The cells were first resuspended in 1.0 ml of cold 50 mM Tris pH 7.0 and 8 µl of Protease Inhibitor Cocktail Set III, EDTA-free (Calbiochem). Cell suspensions were then transferred to chilled Lysing Matrix B tubes (MP Biomedicals) and lysed with five consecutive runs of 30 s each at a speed of 6 m s À1 . The lysed cells were then centrifuged at 10 000 g for 1 min at 4 C. About 15 µg of protein as determined by Bradford assay (BioRad) was loaded on the gel for each sample. As phosphorylation controls, lysates were boiled at 100 C for 3 min and then kept on ice after mixing with b-mercaptoethanol and sample buffer. The gels were washed with transfer buffer containing 1 mM EDTA for 15 min to remove Zn 2+ and then with transfer buffer to remove EDTA. Finally, the phosphorylated and nonphosphorylated forms of CovR were detected by standard Western blotting using anti-CovR antibodies as described previously [48] .
To study the phosphorylation of CovR in vitro,~5 µg of purified His-CovR, His-CovR D58A or His-CovR D53E were incubated in phosphorylation buffer containing 50 mM Tris-Cl (pH 7.4), 50 mM KCl, 20 mM MgCl 2 , 1 mM DTT and 20 mM potassium phosphoramidate (PAM) for 30 min at room temperature and then resolved by a native 8 % polyacrylamide gel run under denaturing conditions. His-tagged wild-type and D53A mutant forms of CovR were cross-linked after treatment with PAM, with the help of 1 % formaldehyde at room temperature for 10 min. Similarly, His-CovR was heated after incubation in the presence of PAM. Formaldehyde cross-linked and heated samples were then run on a 10 % SDS-polyacrylamide gel.
Semi-quantitative and real-time RT-PCR analyses
Semi-quantitative (sq) RT-PCR was used to quantify the level of expression of gbpC and SMU.1882 in wild-type (UA159/pIB184 Km), DcovR (IBS10/pIB184 Km) and various complementing strains. RNA samples were prepared from the S. mutans cultures grown to the mid-exponential phase (70 Klett Units) using a previously described protocol [34] . RNA samples were quantified using a UV spectrophotometer. The sqRT-PCR analyses were performed with a two-tube RT PCR system. We used 1 µg of RNA for firststrand cDNA synthesis (1 h incubation at 42 C using SuperScript II reverse transcriptase (Invitrogen, CA, USA). The reaction was terminated by incubating the tubes at 70 C for 15 min, followed by treatment with RNaseH (Invitrogen) at 37 C for 20 min. After purification using a PCR purification column (Qiagen), the concentration of the cDNA samples was determined using a UV spectrophotometer. We used 5 ng of cDNA as a template for PCR amplification using the gene-specific primers listed in Table S1 . The amplicons were electrophoresed on a 1 % agarose gel, photographed and quantified using Doc-It-LS (UVP) software. The gyrA served as an internal control to ensure that equal amounts of RNA were being used in each sqRT-PCR reaction. Using the cDNA prepared above, real-time PCR was performed on a LightCycler instrument (Roche Diagnostics Applied Science) using the same primers as for the sqRT-PCR. The reactions were performed in 20 µl final volume consisting of 10 ng cDNA, 1X Power SYBR Green PCR Master Mix (Applied Biosystems) and 0.5 µM of each sense and antisense primer pair. The cycling conditions were as follows: 95 C for 10 min, followed by 50 cycles of 95 C for 15 s and 60 C for 1 min with fluorescent measurement at the end of each cycle and a melting curve ramp. The housekeeping gene gyrA served as an internal control to normalize the expression level between samples. The melting curve and quantitative analyses were conducted by using LightCycler analysis software version 1.1, following the manufacturer's instructions (Roche Diagnostics Applied Science).
Biolayer interferometry (BLI)
BLI was used to detect the binding of wild-type and mutant forms of CovR to the promoters of gbpC and SMU.1882. [49] . The PCR-amplified promoter regions of gbpC and SMU.1882 were biotinylated on one strand at the 5¢ end. Biotinylated DNAs, prepared in binding buffer, were loaded on hydrated streptavidin biosensors for 5 min. A subsequent washing (2 min) by exposing the biosensor tip to the binding buffer was performed to remove any unbound excess DNA. Next, association was performed for 5 min by exposing the biosensor tip to a 0.5 µM solution of CovR (wild-type or mutants) prepared in the binding buffer. The dissociation of the DNA-protein complex was assessed by exposing the complex bound to the biosensor tip to binding buffer for 2 min.
RESULTS
The Asp53 (D53) residue is required for phosphorylation of S. mutans CovR Homologous CovR from GAS, which has an identity of around 75 % with CovR from S. mutans, is phosphorylated at the aspartic acid (D) residue present at position 53 [50] . Hence, using site-directed mutagenesis, we generated a mutant CovR (CovR D53A) of S. mutans, where the D53 residue was mutated to alanine. Similarly, another mutant (CovR D53E) was generated in which the aspartic acid residue was mutated to glutamic acid. This latter mutant (CovR D53E) mimicked the phosphorylated aspartate residue [51] [52] [53] . Purified wild-type CovR, CovR D53A and CovR D53E were incubated in the presence or absence of potassium phosphoramidate (PAM) for 30 min and then separated on a native 8 % polyacrylamide gel under nondenaturing conditions (Fig. 1) . PAM is a high-energy phosphodonor that is able to phosphorylate the aspartate residues of response regulators [54, 55] . The phosphorylated wild-type CovR migrated more slowly than the nonphosphorylated protein.
Although CovR D53A migrated more slowly than the nonphosphorylated wild-type CovR, no difference in migration was observed between the potassium phosphoramidatetreated samples and the untreated samples (Fig. 1) . Similarly, no difference in electrophoretic mobility was observed between the potassium phosphoramidate-treated samples and the untreated CovR D53E samples, while the migration was almost the same as that of nonphosphorylated wildtype CovR. This indicates that the D53 residue is necessary for phosphorylation of CovR.
Phosphorylation of CovR at D53 leads to its dimerization It has been seen that in GAS (S. pyogenes) the binding of CovR to several promoters is enhanced by the phosphorylation of purified CovR [20, 29, 31, 50] . Moreover, the phosphorylated CovR is also capable of repressing transcription from P cov and P sag in vitro [30, 31] . Again, upon phosphorylation, purified His-tagged CovR is reported to form multimers in solution [29] . Therefore, we wanted to explore the oligomerization status of phosphorylated CovR in S. mutans. After incubation with PAM, purified wild-type CovR and mutant CovR (CovR D53A) were cross-linked using 1 % formaldehyde and then subjected to SDS-PAGE. Formaldehyde reacts with the amino groups of the N-terminus and side-chains of arginine, cysteine, histidine and lysine residues, leading to intramolecular cross-links [56, 57] . After phosphorylation, wild-type CovR was successfully cross-linked by formaldehyde and showed retarded mobility (Fig. 2a) . The phosphorylated oligomer had nearly twice the mass of the nonphosphorylated wild-type CovR. No such retarded mobility was seen when the mutant CovR D53A was used (Fig. 2b) . Since CovR D53A has Ala residue at position 53, it was not phosphorylated and hence could not form dimers. Moreover, the phosphorylation at the D53 residue was extremely heat labile, as the electrophoretic mobility of heated wild-type phosphorylated CovR was same as that of nonphosphorylated CovR (Fig. 2a, middle lane) .
In vivo phosphorylation of CovR S. mutans carries the gene pta encoding the phosphotransacetylase responsible for converting acetyl coenzyme A (acetylCoA) to acetyl phosphate, which in turn is converted to acetate by acetate kinase (encoded by ackA), resulting in the production of ATP [58] . Acetyl phosphate has been shown to act as a signalling molecule, as it can donate phosphate for the TCSs. Thus, acetyl phosphate links the central metabolism to the environmental sensing and signal transduction system [59] [60] [61] [62] . Since CovR in S. mutans is an orphan regulator, we wanted to study whether acetyl phosphate serves as a potential phosphodonor in phosphorylating CovR. A double mutant strain of S. mutans (IBST16) was constructed in which the Pta-AckA pathway was deleted. Cell lysates prepared from wild-type (UA159), DcovR (IBS10), Dpta (IBST6), DackA (IBST12) and DptaDackA (IBST16) strains were subjected to Phos-tag SDS-PAGE. After electrophoresis, phosphorylated and non-phosphorylated CovR were detected by Western blot analysis using an anti-CovR antibody [48] . The analysis revealed the presence of a slow migrating phosphorylated CovR form in the wild-type (UA159), in addition to the nonphosphorylated CovR (Fig. 3) . These two bands were absent in the DcovR strain. In addition to these two bands, we also observed a band that migrated more slowly than the nonphosphorylated CovR, but faster than the phosphorylated species (Fig. 3 , marked with an asterisk); this band was absent in the DcovR strain. Surprisingly, we found that the quantity of phosphorylated CovR species increased in both the Dpta (IBST6) and DackA (IBST12) strains as compared to the wildtype UA159. On the other hand, in the double-deleted DptaDackA strain (IBST16) nonphosphorylated CovR was abundant, and the phosphorylated and intermediated species were drastically reduced. Recently, it has been shown that in S. mutans, deletion of either DackA or DptaDackA leads to increased accumulation of acetyl phosphate concentration in the cell [63] , which may be available for CovR phosphorylation. Since aspartate phosphorylated species are heat-labile, we further confirmed that CovR phosphorylation effected through heating of the samples resulted in the abolition of the signal corresponding to phosphorylated CovR (Fig. S1) . We note that the slower migrating band (Fig. 3, asterisk) also appears to be heat-labile (Fig. S1 ). Taken together, our results suggest that acetyl phosphate might play a role as a phosphodonor to CovR in vivo. However, we cannot rule out other small-molecule phosphodonors at this point.
Differential gene expression by CovR
To understand whether the phosphorylated or nonphosphorylated form of CovR was the active moiety responsible for regulating gene expression, semi-quantitative (sq) and real-time RT-PCR analyses were performed. In S. mutans, CovR has been shown to act as both a transcriptional activator and a repressor. CovR represses the expression of various genes responsible for virulence, such as gtfB/C (glucosyltransferase B/C) and gbpC (glucan-binding protein C) [17, 34] . On the other hand, CovR also activates the expression Fig. 2 . Dimerization of CovR. (a) Wild-type (WT) S. mutans CovR protein was purified from E. coli and then phosphorylated with PAM. Phosphorylated CovR protein (~5 µg) was then either heat treated at 90 C for 3 min or directly incubated with 1 % formaldehyde without heat treatment. The samples were then separated on a 10 % SDS-polyacrylamide gel. (b) S. mutans D53A CovR protein (~5 µg) was purified from E. coli after incubation with either PAM or PAM plus 1 % formaldehyde. The samples were separated on a 10 % SDS-polyacrylamide gel. Experiments were repeated at least thrice and a representative gel is shown. of various genes, including SMU.1882 and bacA [33, 35] . Wild-type S. mutans (UA159/pIB184Km), its isogenic DcovR derivative (IBS10/pIB184Km) and various covR-complementing strains were grown to mid-exponential phase (70 Klett Units) and harvested. RNA samples were isolated and used for sqRT-PCR and real-time RT-PCR. The gyrA gene was used as a control to ensure that equal amounts of RNA were being used in the RT-PCRs. As shown in Fig. 4  (a) , lower levels of transcripts of gbpC were observed in the wild-type and DcovR strains complemented with either the wild-type CovR or the CovR D53A mutant, as compared to the DcovR strain and the DcovR strain complemented with the CovR D53E mutant. Similarly, the transcription levels of the SMU.1882 and bacA in the wild-type and the DcovR strains complemented with the wild-type CovR or the CovR D53A mutant were higher than those of the DcovR strain and the DcovR strain complemented with the mutant CovR D53E. We verified this observation by using real-time RT-PCR (Fig. S2) . CovR D53A behaved like the wild-type, whereas CovR D53E behaved like the DcovR strain. To further confirm our observation, we constructed two reporter plasmids in which the promoter regions of gbpC (P gbpC ) and SMU.1882 (P SMU.1882 ) were transcriptionally fused with the gusA gene to generate pIBT8 and pIBT9 plasmids, respectively. These plasmids were introduced into the wild-type, DcovR and DcovR complemented with the wild-type or mutant CovR derivatives. When we measured the Gus activities from these strains, we found that both the wild-type CovR and CovR D53A complemented the DcovR mutant, while the CovR D53E failed to complement (Fig. S3) . Taken together, our data suggest that the nonphosphorylated CovR (D53A) is the active form, as it behaved like the wild-type CovR. On the other hand, the phosphorylated CovR (D53E) behaved like the DcovR strain.
Although the CovR family proteins share a high degree of homology, the mode of CovR activation appears to vary. While CovR activity could be modulated by Ser/Thr kinase, the conserved Thr 65 residue, which is the target for phosphorylation, is absent in S. mutans CovR (Fig. S4) . To verify whether heterologous CovR proteins could complement the S. mutans DcovR strain, we selected CovR from S. pyogenes (GAS) and S. agalactiae (GBS). We also generated a GAS CovR mutant where the conserved Asp residue was replaced with Ala (GAS CovR D53A). As shown in Fig. 4(b) , DcovR strains complemented with wild-type CovR from GAS (GAS CovR) or the mutant CovR from GAS (GAS CovR D53A) show lower levels of gbpC transcripts as compared to the DcovR strain. Likewise, DcovR strains complemented with GAS CovR or GAS CovR D53A show higher levels of SMU.1882 and bacA transcripts as compared to the DcovR strain. Thus, the D53A mutant forms of CovR from both S. mutans and GAS are able to complement the DcovR strain. To further confirm this finding, we decided to carry out a real-time RT-PCR analysis. The real-time RT-PCR data were congruent with our previous findings and confirmed the observation that the D53A mutant CovR from S. mutans and GAS are indeed capable of complementing the DcovR strain to the wild-type condition (Fig. S2) . Similar to the GAS CovR, we found that GBS CovR is also capable of complementing the S. mutans DcovR strain for activation of the SMU.1882 and bacA transcription and repression of the gbpC transcription (Fig. S2, data not shown) .
Effect of the Pta-AckA pathway on CovR mediated gene expression To study the role of Pta-AckA pathway on gene expression, we made use of the reporter plasmids pIBT8 and pIBT9. These plasmids were introduced into the wild-type, DcovR and DackADpta strains. We then measured the Gus activity from these strains by growing them until the mid-exponential phase. As shown in Fig. 5 , we found that the activities for both the repressed (P gbpC ) and the activated (P SMU.1882 ) promoters for the wild-type and the DackADpta double mutant strains were similar (Fig. 5) . On the other hand, as expected, the expression of P gbpC increased and the expression of P SMU.1882 decreased in the DcovR as compared to the wild-type. Taken together, these results suggest that CovR activity was not altered the in DackADpta double mutant strain.
Binding of CovR to promoter regions of both activated and repressed genes
To compare the binding ability of the wild-type CovR and the CovR mutants, we used BLI technology and biotinylated promoter regions of gbpC and SMU.1882 (Fig. 6) . We found that both the wild-type and the mutants were able to bind to both of the promoters. However, while the association constants (ka) for the wild-type CovR and CovR D53A were very similar (1.6Á10 4 and 1.6Á10 4 , respectively), the ka value for CovR D53E was lower (ka=5.4Á10
3 ) for the gbpC promoter. On the other hand, the ka value for the binding to SMU.1882 by wild-type CovR was nearly twice that for the CovR D53A (9.7Á10 3 vs 4.9Á10 ). CovR D53E' s ka value for the SMU.1882 promoter was the lowest (2.1Á10 3 ). The dissociation constants for all the proteins for these promoters were very similar (between 2.1-3.1Á10
À3
). Surprisingly, we found that GAS CovR was unable to bind to these promoters in vitro, although GAS CovR was able to complement the DcovR strain (data not shown).
DISCUSSION
Among the various TCS systems of streptococci, CovR/S is the most widely studied, since this TCS plays a key role in stress adaptation and virulence. While the regulons that are controlled by CovR in various streptococci, including GAS, GBS and S. mutans, have been well established, the molecular mechanisms of CovR activation are still perplexing and highly complex. For S. mutans, the mechanisms of CovR activation remained unexplored. Except for a few cases, CovR is associated with the cognate sensor kinase CovS. CovS functions both as a kinase and as a phophatase, similar to the EnvZ histidine kinase that activates OmpR [26] . Thus, CovS could provide the phosphate for the conserved Asp residue of CovR as well as remove the phosphate group from CovR to modulate the activity. However, CovR in S. mutans is an orphan response regulator, since the cognate CovS sensor kinase is absent in the genomic locus that encodes CovR [18] . This is true for all of the publicly available C and harvested at the mid-exponential phase, while Gus activity was measured as described in the text. The values shown are units of glucuronidase activity (with standard errors of the mean of experiments repeated at least twice). Fig. 6 . Differential binding of wild-type and mutant CovR. Biotinylated promoter regions of gbpC and SMU.1882 were immobilized on streptavidin biosensors and then exposed to 0.5 µM CovR, CovR D53A and CovR D53E proteins purified from E. coli as described in the text. The reactions were carried out in binding buffer [20 mM Tris, 100 mM NaCl, 0.01 mM DTT, 5 % glycerol (v/v), 1 mM EDTA, 0.01 mg ml À1 BSA, 5 mM MgCl 2 and 10 µg ml À1 poly (dI-dC) at pH 7.5] for a period of 5 min to allow association followed by 2 min exposure to binding buffer to allow dissociation.
genomes of S. mutans, indicating that this organism has indeed adopted a lifestyle in which CovS function is dispensable. In this work, we wanted to understand how CovR activity is modulated in S. mutans.
We found that in S. mutans CovR is indeed phosphorylated in the cell. The phosphate group for this CovR phosphorylation seems to be at least in part donated by the intracellular acetyl phosphate. This is because when we deleted both the ackA and pta genes to inactivate the acetyl phosphate accumulation, we found that CovR phosphorylation was drastically reduced (Fig. 3) . We also found that inactivation of either the ackA or the pta genes (single mutant) leads to an increase in CovR phosphorylation (Fig. 3) . While this is surprising, a recent report by Kim and colleagues [63] suggested that the AckA-Pta pathway is not the major contributor to acetyl phosphate accumulation in S. mutans, at least not under anaerobic conditions. Indeed, these investigators observed that the deletion of the ackA gene leads to the accumulation of nearly eightfold increased quantities of acetyl phosphate in the cell [63] . However, these authors found very little difference in acetyl phosphate accumulation between the wild-type and either pta-deletion or ackA-pta double deletion mutants. Furthermore, these authors suggested that acetyl phosphate accumulation in S. mutans is complex and occurs through an alternative pathway involving SMU.1299, a putative acetate kinase. While we speculate that acetyl phosphate is the key phosphor donor for CovR in the cell, we cannot rule out other small-molecule phosphor donors, including ATP.
To correlate the level of CovR phosphorylation with the in vivo gene expression, we measured the promoter activity of the P gbpC and P SMU.1882 promoters. Our results indicate that phosphorylation does indeed render CovR inactive, as we found increased activity for P gbpC and decreased activity for P SMU.1882 in the single mutant strains (either ackA or pta) in which we observed increased phosphorylated CovR species (Fig. S3, data not shown) . This was surprising, since it has been suggested that in other streptococci phosphorylated CovR is the active form [20, 50, 64] . However, our results suggest that nonphosphorylated CovR is indeed the active form, since we found that the CovR D53A mutant was able to functionally complement the DcovR mutant. Furthermore, the CovR D53E mutation, which is predicted to mimic the phosphorylated CovR form, could not complement the DcovR mutation. Towards this end, we previously showed that the binding of CovR to promoters of gtfB/C was not enhanced upon phosphorylation [17] . Therefore, we believe that in S. mutans nonphophorylated CovR is active and involved in gene expression. However, at present we do not know the exact role of CovR phosphorylation in gene transcription.
We found that the phosphorylation of CovR leads to dimerization of the protein. The dimerization of response regulators often modulates DNA binding affinity, however many response regulators can bind DNA without phosphorylation, including the well-studied OmpR (CovR belongs to the OmpR family), PhoP and SsrB [65] [66] [67] . In addition to dimerization, phosphorylation also alters the specificity of promoter binding [68] . Our CovR D53A was unable to form dimers and, since the mutant was able to complement the DcovR phenotypes, we speculate that the active form is the monomer. Of note, we also found that both the CovR D53A and CovR D53E mutants bound to the target promoters, albeit with different affinities as compared to the wild-type CovR. Recently, it was demonstrated that in the GAS the CovR D53E mutant, which is also a monomeric protein, was able to complement some, but not all of, the CovR-mediated gene expression [69] . These authors suggested that in GAS, CovR-mediated gene regulation occurs through two modes: dimerization-dependent and dimerization-independent. It seems that in S. mutans the dimerization-independent mode is the active mode that is involved in gene regulation.
We also observed that CovR from both GAS and GBS was able to complement S. mutans covR deficiency successfully (Fig. 4 and data not shown). This was a surprising finding, since in both GAS and GBS the active species is the phosphorylated CovR, which is also a dimer. To confirm that phosphorylation is indeed not necessary, we used the D53A mutant of GAS CovR. As expected, this mutant was also able to complement the S. mutans covR deficiency (Fig. 4) . Heterologous complementation was also an unexpected finding, because it suggests that CovR protein might recognize some common structural features on the target promoter other than the mere sequence motif. Of note, the exact sequence to which CovR binds to is still unknown. Although GAS CovR is generally reported to bind to the hexanucleotide motif ATTARA [20] , it can bind to other regions that are devoid of this motif. This motif was believed to be important for in vitro binding conditions, but not in vivo conditions [32] . Similarly, GBS CovR is proposed to bind a nonanucleotide motif TATTTTAA [22] . We previously suggested that S. mutans CovR might recognize a sequence motif that is different from those recognized by its homologues in GAS and GBS [17] . We also suggested that S. mutans CovR might bind to complex consensus sequences or recognize a unique structural feature in DNA [33] . Alternatively, it is possible that an intermediate accessory protein might be involved with the actual DNA binding, and upon binding it recruits/interacts with CovR. Although we do not have any direct evidence for this mechanism, it is important to point out that -at least for the bacA operonwe showed that CovR interacts directly with the nucleoid protein HLP, which acts as an anti-silencer for the operon and displaces it from the promoter to activate gene expression [70] .
CovR homologues display a high degree of sequence similarity (Fig. S4) . Recently, the crystal structure for the C-terminal DNA-binding domain of GAS CovR was determined (PDB ID: 3RJ; [71] ). However, the structure of the full-length CovR is not currently available. To gain an insight into the differences between GAS and S. mutans CovR we used this structure and the I-TASSER program (http://zhanglab. ccmb.med.umich.edu/I-TASSER/) to model and compare the two CovR proteins. Both of the models superimpose well with one another. The predicted structure for the receiver domain (REC) is shown in Fig. 7 . The CovR REC domain, like other typical REC domains, contains a doubly wound a/b fold with five-stranded parallel b-sheets flanked by two a-helices on one side and three a-helices on the other side (Fig. 7, not shown) . The CovR REC domain also contains the conserved 'acidic-triad' residues, as well as the 'Y/T-coupling' residues (Fig. 7) . These Y/T-coupling residues are necessary for the repositioning of the quaternary structure during dimer formation [72] . While these critical residues are well conserved in CovR, we found that S. mutans CovR lack the threonine residue at position 65 (T65) (see Figs S4 and 7) . This residue is the target for phosphorylation by the Ser/Thr kinase and phosphorylation of T65 inactivates CovR [36, 37, 66] . In S. mutans, the T65 residue has been naturally replaced with isoleucine (Fig. S4) . We also found that in two other oral streptococci (S. sobrinus and S. criceti), the 65 position is occupied by metheonine. The exact significance of this replacement is currently unknown and in S. mutans Ser/Thr kinase has no effect on CovR-mediated gene expression.
While the majority of TCSs are considered as paired systems containing both the response regulator and the cognate sensor kinase encoding genes adjacent to each other, orphan unpaired response regulators are also highly abundant [73] . Some of these orphan response regulators are activated by non-cognate sensor kinases through cross-talk mechanisms [74, 75] , while others are constitutively activated without the phosphorylation [66, 76] . Most often these latter orphan regulators contains a Glu (instead of Asp) at position 53 [76] . However, for Streptococcus pneumoniae RitR, which is a close homologue of CovR and an orphan, the Asp53 residue is replace with an Asn residue. The activity of RitR is regulated by Ser/Thr kinase and not by Asp phosphorylation [77] . In this work we showed that for some response regulators, such as CovR, multiple activation mechanisms exist, depending on the species. While in GAS or GBS, CovR is activated by Asp phosphorylation, in S. mutans CovR is active without phosphorylation. In fact, in S. mutans phosphorylation might inactivate CovR and this phosphorylation may occur in the cell through acetyl phosphate, the level of which varies during growth and under stress conditions.
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